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Regeneration consists  in the growth of resting cells or buds as a 
consequence of  the  removal of parts  of  the  body.  Two problems 
are,  therefore,  involved  in  this  phenomenon;  namely,  first,  the 
quantity of growth which is measured by the mass of the regenerated 
organs,  and,  second, the. problem  of  inhibition,  or  the  fact  that 
regeneration or growth of  the resting cells  or buds  does  not take 
place without removal of part of the body. 
I.  The Law of 17irect Proportionality  between the Mass of Sister Leaves 
of Bryophytlum and the Mass of Roots and Shoots Produced by Them. 
The writer had already shown that equal masses of sister leaves of 
Bryopkyllum  calycinum  when  isolated  from  the  rest  of  the  plant 
produce in equal time equal masses of shoots under equal conditions 
of temperature, moisture, and ilhtmination.  1  The following measure- 
ments show that the same law holds also for the production of roots. 
In order to be able to measure the mass of roots correctly, it was 
necessary to let the roots develop in water.  Part of a leaf was dipped 
into water,  and  in  the wetted notches  shoots  and  roots  grew out 
rapidly, thereby preventing the growth of roots and shoots from the 
non-submerged notches of the leaf.  In order to get accurate measure- 
ments  of  root  production it  was  necessary to  determine the  dry 
weight of the roots.  In addition,  the dry weight of the leaves and 
of the shoots was also  determined.  The experiments lasted usually 
from 4 to 5 weeks in order to get larger masses of roots and to diminish 
the error in determining the quantity of regeneration.  The organs 
were dried in an oven at a  temperature of between 100  ° and ll0°C. 
for about 24 hours. 
1 Loeb, J., Bot. Gaz., 1918, law, 150. 
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Five pairs of sister leaves were suspended sidewise, the lower edge 
dipping  in  water,  and  roots  and  shoots  formed at  the lower edges 
only.  Table  I  gives  the  dry weights  of the  leaves,  of  the  shoots, 
and of the roots at the end of the experiment.  The figure in paren- 
theses, behind the dry weight of the shoots, expresses the number of 
shoots  formed.  The  first  horizontal  row  gives  the  dry weights  of 
these organs for one set of five leaves (Set I), the second horizontal 
row gives  the  dry weights  of these  organs  for  the five sister leaves 
(Set II).  The third horizontal row gives the ratio of the dry weights 
of the two sets of organs.  The masses of the two sets of sister leaves 
were almost alike,  and  the ratio  of the two masses was  1.02.  Ac- 
cording to  the law expressed in the writer's former publications the 
TABLE  I. 
Duration of Experiment 34 Days. 
Set  I ................................... 
"  II  ................................... 
Ratio 
dry weight  I 
dry weight II ...................... 
Leav~ • 
1.755 
1.718 
1.02 
Dry weight of 
i  Shoo~. 
gm, 
0.247 (14) 
0.247  (15) 
1.00 
Roots. 
gm. 
0.113 
0.120 
0.94 
mass of shoots and of roots produced by the two sets of leaves should 
also  be  alike  (within  the limits  of accuracy of these  experiments). 
The  ratio  of  the  two masses of shoots and roots should,  therefore, 
have been approximately 1.00. 
The figures of the third row show that the ratio of the dry weights 
of the two sets of shoots is exactly 1.00 and the ratio of the two sets 
of roots is 0.94.  The two sets of sister leaves ha~ing equal mass produced, 
during the same time and under equal conditions of temperature,  mois- 
ture, and illumination, equal masses of shoots and of roots. 
In  the  next  experiment  one  set  of  six  isolated  leaves  (Set II) 
remained intact while  the mass  of each leaf of  the  second  set was 
reduced to approximately one-half by cutting away one side of each 
leaf  (Set  I)  (Fig.  1).  The  masses  of  the  two  sets  of leaves  were J'ACQUES  LOEB  299 
therefore no  longer  equal  but had  approximately  the  ratio  of about 
1 : 2.  It was to be expected that  the dry weights of the shoots and 
roots produced by the two sets of leaves should also be in the ratio 
of about 1 : 2, and this was the case (within the limits of the possible 
accuracy  of  such  experiments)  (Table  II).  The  ratio  of  the  dry 
weights  of the  two sets of leaves was 0.54,  the  ratio  of the weights 
FIG. 1. Root and shoot formation in whole leaf and in sister leaf (from which 
the left hal/is  cut off) dipping with  their  apices  in  water.  Root and  shoot 
formation only in the wetted parts of leaf.  Diagrammatic. 
TABLE  If. 
Duration of Experiment 30 Days. 
Set  I  (six half leaves)  .................... 
"  II (  "  whole  "  )  .................... 
Ratio 
dry weight  I 
dry weight II 
~A~VeS. 
gm. 
1.245 
2.300 
0.54 
Dry weight of 
Shoo~. 
gm. 
O. 174 (10) 
o. 283 (16) 
0.61 
Roots. 
gM, 
0.054 
0.092 
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of shoots  produced by  them was 0.61,  and  the  ratio  of roots pro- 
duced was 0.59.  The tips of the two sets of leaves dipped in water 
and roots and shoots developed only in the submerged notches (Fig. 1). 
FIo. 2.  Shoot and root formation in whole leaf and in sister leaf  (from which 
the basal part is cut off), both  dipping with their apices in water.  Duration of 
experiment 34 days.  After nature. 
TABLE  III. 
Duration of Experiment 33 Days. 
Set  I  (six reduced leaves) .................. 
"  II("  whole  "  ) .................. 
Ratio 
dry weight  I 
dry weight II  ....................... 
Leaves. 
gm, 
0.794 
2.12Z 
0.37 
Dry weight of 
Shoots. 
g,m, 
o. 156 (n) 
0.343 (19) 
0.45 
Roots. 
gCtL 
0. 043 
0.116 
0.37 JACQUES LOEB  30i 
In  the  next  experiment  one  set of six leaves remained intact  (Set 
II)  while more than half of the basal part of the set of sister leaves 
(Set  I)  was  cut  off  (Fig.  2).  The  tips  of  the  leaves  dipped  into 
water.  Again the ratio of the mass of shoots and roots regenerated 
was, within  the limits  of the  accuracy of the experiments,  the same 
as the ratio of the masses of the two sets of leaves.  It was 0.37 for 
the leaves and  exactly the  same number  for the  roots, while it was 
slightly larger,  0.45, for the shoots (Table III). 
In  the  next  set,  the  leaves were  suspended  sidewise,  their  lower 
edges dipping  in  water  (Fig.  3).  In  both  sets of leaves  the  upper 
edge was cut off; in one set the lower edge with the exception of one 
FIG. 3. Leaves suspended sidewise.  The upper edge is cut off in both leaves. 
In leaf to left all notches except one removed, in leaf to right all notches on the 
lower side preserved.  Duration of experiment 34 days.  After nature. 
or two notches was cut off (Set I), while in the other set (Set II)  all 
the  notches  of  the  lower edge were left intact.  This  was done  to 
make  the  number  of shoots produced by both sets  unequal  and  to 
show that  the general law enundated  is independent  of the number 
of shoots produced.  Thus,  as Table IV shows,  the  leaves of Set I 
produced  six  and  the leaves of Set II produced  sixteen  shoots,  yet 
the mass of the  two sets of shoots was almost the same,  though it is 
not impossible that when more shoots develop in one leaf the available 
material  furnished by the leaf can be utilized more fully than  when 
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On the basis  of these and  of the writer's  earlier experiments we 
can enunciate the following law. 
Equal masses of sister leaves of Bryophyllum calycinum produce in 
equal time, under equal conditions of temperature, moisture, illumi- 
nation, and aeration, approximately equal masses of roots and shoots, 
regardless of the number of shoots  or  roots formed (except that  a 
moderate number of shoots  may possibly permit  a  more  complete 
utilization  of  the  material  furnished by  the  leaf  than  if  only  one 
shoot is  formed).  When the masses of two sister leaves are unequal, 
the masses of shoots and roots produced by them are directly pro- 
portional to the masses of the leaves. 
TABLE  IV. 
Duration of Experiment 33 Days. 
Set  I.  Five leaves with one or two notches .... 
"  II.  "  sister leaves with more  " 
Ratio  dry weight  I 
dry weight II .......................... 
Dry weight of 
Leaves, 
1.810 
1.778 
1.02 
Shoots.  Roots. 
gm.  gm. 
0.248 (6)  0.106 
0.270 (16)  0.121 
0.92  0.88 
II.  Ratio of the Mass of Shoots to the Mass of Roots Produced by 
a Leaf Dipped in Water. 
When we dip  a  lea/with part of its edge into water,  shoots  and 
roots form as a  rule only in the wetted part of the leaf.  It was  of 
importance  to  determine  the  ratio  of  dry weight  of  roots  to  the 
dry  weight  of  shoots  produced  in  such  cases.  In  the  examples 
already quoted  this  ratio  was  never less  than  one-third and  never 
more  than  one-half.  The  average  taken  from  a  large  number  of 
experiments gave the ratio of the dry weight of roots to that of shoots 
under  such  conditions  as  0.42.  This  figure  will  be  used  in  the 
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III.  The Inhibitory Influence of the Stem on Shoot Production in 
the Leaf of BryophyUum ealydnum. 
Only the leaf isolated from the stem is capable of forming shoots; 
it suffices as a rule to leave a piece of stem connected with the leaf to 
cause retardation or inhibition of the growth of the dormant buds in 
the notches of a  leaf. ~  There are two possible  reasons for the in- 
hibitory action of the stem on the shoot and root formation in the 
leaf.  The material available for root and shoot formation in the leaf 
either flows naturally into the stem and hence the buds in the notches 
of the leaf cannot grow out on account of lack of material for growth;  8 
or second, the stem sends into the leaf a  substance preventing the 
growth of the notches in spite of the fact that the material needed 
for the growth of the dormant buds in  the  notches of  the leaf is 
available. 
Only quantitative experiments allow us to decide between the two 
possibilities.  If  the  assumption  is  correct that  the leaf  normally 
sends  the material which can be  utilized for the  growth of shoots 
and roots into the stem, the stem in connection with a  leaf  should 
gain in weight and this gain should be equal to the mass of shoots 
and roots the same leaf would produce when separated from the stem. 
If  the  other possibility is  correct,  and ffwe are  dealing with  the 
effect of inhibitory substances sent into the leaf, no such increase in 
the dry weight of the stem need occur.  My experiments give a clear 
answer in  favor of the first possibility; namely, that the inhibitory 
effect of the stem upon the shoot and root production in the leaf is 
due to the fact that the material in the leaf which could be utilized 
for shoot and root formation flows normally into the stem, as long 
as the leaf is connected with the stem and the sap flow is not inter- 
rupted;  while  when  the  leaf  is  separated  this  material  becomes 
available  for  the  growth  of  shoots  and  roots  in  the leaf,  and the 
inhibition  ceases.  Of  course,  we  cannot determine directly which 
mass of shoots and roots the inhibited leaf would have produced if 
2 This inhibition cannot be permanent since before the falling off of the leaf 
the sap flow between leaf and stem will  cease  and this will have the same effect 
as the cutting off of the leaf. 
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its  regeneration  had  not  been  inhibited  by  the  stem,  but  we  can 
determine  this  quantity  indirectly,  by  measuring  the  quantity  of 
shoots and roots produced by the sister leaf detached from the stem, 
since  we  know  that  two  sister  lea-ces  of  equal  size  produce  equal 
masses of shoots and roots in equal time and under equal conditions. 
Our method of procedure was as follows.  Pieces of stem possessing 
one node with two healthy leaves of equal size were cut out (Fig. 4). 
The  stem was divided lengthwise  as  accurately as possible into  two 
equal pieces,  b and  bl,  by a  cut between the base of the petioles of 
the  two leaves, so that  each leaf was connected with  one-half piece 
of stem  of equal mass.  One leaf  (a~) remained  in  connection  with 
its piece of half stem (hi),  while the other leaf (a) was detached from 
its piece  (b).  The  dry weight of this  detached piece  of  half stem b 
was  determined  immediately  at  the  beg~nnlng  of  the  experiment. 
& 
Fro. 4.  Diagram to illustrate experiments in which the stem iscut lengthwise. 
At  the  end  of  the  experiment  the  other  piece  of half  stern  bl  was 
detached  from  its  leaf  and  its  dry  weight  was  determined.  By 
comparing  the dry weight of bl with  that  of b  (detached  at  the  be- 
,ginning  of  the  experiment)  it  was  possible to  ascertain  how much 
material  the piece bl had received from the leaf during  the  time the 
experiment lasted.  Both leaves,  the one detached from the stem  as 
well as the one left in connection with the stem, were suspended in a 
moist  aquarium,  the  apex  of each  leaf  dipping  in  water.  The  de- 
tached leaves formed shoots and roots very rapidly,  while the  leaves 
in  connection  with  their  half  pieces  of  stem  formed practically  no 
shoots and roots.* 
4 The  inhibitory power of a piece of stem on the shoot formation in tl~e leaf 
increased within certain limits with the mass of the stem, but not in direct pro- 
portion.  It was also very obvious that equal masses of  stem  suppressed  the JACQUES LOEB  305 
We selected for each experiment twelve pairs of sister leaves and 
care was taken that the leaves were healthy, not too large,  and of 
equal  size.  We  made sure  that  the  fresh  weight  of  each  set  of 
leaves with their piece of half stem was approximately like  that of 
the set of sister leaves (Table V). 
The difference in one set is not more than 3 per cent and is equalized 
by the  fact that six sets of different experiments were made.  We 
proceeded then as follows.  The dry weight of b  (Fig. 4)  was ascer- 
taiued immediately.  Then the leaf a  (detached from its stem)  and 
the leaf al (in connection with its piece of half stem) were suspended 
in the same aquarium dipping with their apices into water.  In the 
leaves a  (without stems), roots and shoo.ts  formed soon, while none, 
or practically none, formed in leaves al. 
T~E  V. 
.No. of experiment. 
a+b 
Em. 
28.240 
36.625 
40.930 
Fresh weight o~ 
al+bl 
gm. 
29.103 
37.175 
39.640 
After several weeks the shoots were cut off, their dry weight was 
determined, and the piece of stem bl was also detached ~rom its leaf 
and its dry weight determined.  Let a  be the dry weight of shoots 
and roots formed by the leaves detached from their stem; let al be 
the dry weight of shoots and roots formed by the leaves or in the 
axil of the leaves connected with their stem; let b be the dry weight 
shoot formation the more completely the smaller the leaf.  When the leaf is 
large it furnishes more material than the cells of a small piece of stem can absorb. 
It is also of interest that the inhibitory power of a piece of stem on shoot formu- 
tion in a leaf is smaller in an old leaf than in a young leaf nearer the apex. This 
influence of age of the leaf is probably connected with the fact that in the oldest 
leaf the flow of sap into the leaf is more or less incomplete; this interruption of 
sap flow may possibly be the first step in the histological changes at the base of 
the leaf which cause it to fall off. In our experiments conditions were selected 
in such a way as to make the inhibition of shoot and root formation in Leaf al 
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of the piece of half  stem  at  the beginning,  b~ the dry weight  of the 
piece  of half  stem  at  the  end;  then  we  should  expect the following 
relation to hold (within the limits of accuracy of the experiments). 
a  -  al  =  bl -  b 
Six  sets  of  experiments  (each  with  twelve  pairs  of  leaves)  were 
made  in  which  the  dry weights  of  the  shoots  and  of  the  pieces of 
stem  were determined.  The  stems were either  2,  4,  or 8  cm.  long, 
and  with  this  length  of stem  the  formation  of shoots on  the pieces 
connected  with  the  stem  was  almost  completely  suppressed.  The 
weights of the roots were  not  determined but we know  that  on the 
average the dry weight of the roots formed by the leaves under  the 
TABLE  VI. 
No. of  experiment.  Durstion of 
experiment. 
d4y$ 
28 
28 
28 
29 
29 
29 
al +  1,1 
gm, 
0.141 
0.172 
0.308 
0.216 
0.166 
.  0.267 
1.270 
gm. 
0.384 
1.1095 
0.7348 
0.496 
1.146 
0.759 
b 
gm. 
0.176 
0.825 
0.3846 
0.159 
0.829 
0.364 
al-bbl-b 
g~. 
0.208 
0.284 
0.350 
0.337 
0.317 
0.395 
Total  ....  1. 891 
conditions of our experiments is 42 per cent of the dry weight of the 
shoots formed.  Hence we must  add  this  value  in  our final  results 
to a  (but not  to al,  since practically no shoots or roots were formed 
in  the  leaves  connected  with  the  stems).  Table  VI  gives the dry 
weight  determinations  for  the  six  sets  of  experiments.  The  dry 
weight  of  the  shoots  produced  by  all  the  detached  leaves in  the 
six sets of experiments  is  1.270  gin.  To  this  value must  be  added 
the dry weight of the roots produced which amounts  to 42 per cent 
of  the  dry weights  of  shoots;  namely,  0.533  gnu.  The  value  for  a 
then is 1.270 -k 0.533  =  1.803 gm. 
The value for al q- b~ -  b was equal to  1.891  gm.  Practically no 
shoots or roots were produced by these leaves connected with  their 
stems, so that no correction for roots is necessary.  Hence the value JACQUES LOEB  307 
1.891 represents the  gain in mass of the stem.  We  therefore find 
that  a~- 1.803,  and  that  al+bl-b--  1.891.  The  ratio  of 
a 
should be -- 1.  In our experiments it is  -- 0.95,  which 
al  +  bl  -  b 
is as near the theoretical value as the accuracy of our  experiments 
permits. 
We, therefore, can state:  When a leaf is connected with a  piece of 
stem the stem gains in weight and this gain equals the weight of roots 
and of shoots formed by the sister leaves detached from the stem. 
The inhibitory effect of the stem upon shoot and root  formation by 
the leaf is therefore adequately explained by these figures as being 
due to the fact that the material available for growth normally flows 
from the leaf into the stem. 
SUM'~ARY. 
1.  Equal masses of sister leaves  of Bryophyllum calycinum pro- 
duce  equal  masses  of  shoots  and  roots in  equal  time  and  under 
equal conditions. 
2.  The mass of shoots and roots produced by different masses of 
sister leaves in equal time  and  under  equal conditions is  approxi- 
mately in direct proportion to the masses of the leaves. 
3.  When  a  piece of  stem inhibits  the  production of  shoots  and 
roots in a  leaf of Bryophyllum connected with it,  the stem gains in 
mass and this gain in mass equals approximately the mass of shoots 
and roots the leaf would have produced if it had been detached from 
the stem. 
4.  This suggests that the inhibitory influence of the stem upon the 
formation of shoots and roots in the leaf is due to the fact that the 
material available for this process naturally flows into the stem. 